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Ensembles of dopants have widespread applications in quantum information processing. However,
miniaturization of corresponding devices is hampered by spin-spin interactions that reduce the
coherence with increasing dopant density. Here, we investigate this limitation in erbium-doped
crystals, in which these interactions are anisotropic and particularly strong. After implementing
efficient spin initialization, microwave control, and readout of the spin ensemble, we demonstrate
that the coherence limitation can be alleviated by dynamical decoupling. Our findings can be
generalized to other dopants and hosts used for quantum sensors, microwave-to-optical conversion,
and quantum memories.
Distributed quantum information processing and sens-
ing requires long-lived quantum memories that can be
coupled efficiently to optical photons [1, 2]. A promis-
ing solid-state platform to implement such a memory are
crystals doped with rare-earth ions [3]. These dopants
exhibit transitions between levels in the inner 4f-shells,
which are protected from the fields of the host via outer
shell electrons and can therefore exhibit exceptional co-
herence on both ground state [4, 5] and optical transitions
[6].
Unfortunately, the record-long optical coherence of
rare-earth dopants comes at the price of a very small
oscillator strength [3]. Therefore, implementing an effi-
cient quantum memory requires a very large number of
dopant ions. This is in conflict with the desire to build
small devices for efficient multiplexing and integration on
a chip [7–12]. When increasing the dopant concentration,
a decrease of the achievable coherence time is caused by
the onset of spin-spin interactions.
To understand this limitation, consider a spin echo ex-
periment. After preparing the spins in a superposition
state, the inhomogeneous distribution of their transition
frequency caused by the crystal field will lead to fast
dephasing. This static disorder can be cancelled by an
inversion pulse [13]. In an interacting ensemble, how-
ever, the magnetic field experienced by each dopant will
depend on the state of its neighbors. Inverting them
will change the local field, which prevents perfect rephas-
ing. This phenomenon, called instantaneous diffusion
[14], poses a limit to the minimal size of all quantum
memories based on spin ensembles.
Here, we characterize this limitation for dopants with
anisotropic coupling, a situation typically encountered in
rare-earth doped crystals. In particular, we investigate
the use of dynamical decoupling (DD) to increase the
coherence time. DD has developed into a powerful tech-
nique to protect the coherence of spins in solids [13]. It
has also been applied to rare-earth doped crystals, but
without investigating the limitations imposed by spin-
spin interactions [15–17].
The idea of a DD sequence is that repeated application
of control pulses drive the spins along a path in which the
interaction Hamiltonian with the environment cancels to
first order [18]. A simple example is the Hahn-echo se-
quence that cancels static disorder and magnetic fields.
For the decoupling of time-varying fields, as encountered
in detuned spin baths, robust and efficient DD sequences
are composed of many pi pulses with appropriately cho-
sen phase [13]. However, such sequences do not decouple
dipolar interactions with a bath of resonant spins. Still,
other sequences can achieve this goal for isotropic spin-
1/2 systems, as pioneered in nuclear magnetic resonance
spectroscopy of solids [19].
Unfortunately, the situation is different for spin ensem-
bles with anisotropic g-tensor. The reason is that global
rotations leave the isotropic (”Heisenberg”) component
of the spin-spin interaction, α, unchanged [20–22].
For dipolar interactions, as encountered in dilute spin
baths, this component reads (in the basis x, y, z where
the g-tensor is diagonal):
α =
µ0µ
2
B
12pir3
∑
i=x,y,z
g2i (1− 3rˆ2i ) (1)
Here, µ0 is the magnetic permeability of the medium
surrounding the spins, µB the Bohr magneton, r the dis-
tance between the spins, and rˆi are the components of
the unit vector connecting the spins. For an isotropic
g-tensor with spin 1/2, gx = gy = gz, such that α ∝
g2(1 − |rˆ|2) = 0. This means that the dipolar interac-
tions between spins can be decoupled to first order by
DD using a suited sequence of control pulses. In con-
trast, in systems with a spin larger than 1/2, or with an
anisotropic g-tensor, α will be non-zero. Thus, for gen-
eral input states there is always a part of the Hamiltonian
which cannot be averaged out via DD.
Still, significant improvement of the coherence time
can be obtained using pulse sequences that cancel in-
teractions and are robust against imperfections [21], as
explored recently with isotropic ensembles of NV-centers
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2FIG. 1. Inset: The lifetime and coherence of a given erbium
dopant (red dot) is limited by the interaction with randomly
distributed dopants of the same species (blue dots). Main
graph: The interaction of erbium with a magnetic field de-
pends on the orientation of the host crystal, characterized by
a g-tensor with different projections parallel (bottom panel,
red solid line) and perpendicular (red dotted line) to the field
direction. For a dopant concentration of 10 ppm, both the flip-
flop limited spin lifetime (blue theory curve and diamonds)
and the instantaneous-diffusion-limited spin-echo time (black
theory curve and circles) show an angular dependence that
is correlated to the effective g-factor. When the interactions
are symmetrized using DD, the expected coherence time can
be increased for most magnetic field configurations (orange
dashed theory curve and circle).
in the context of sensing [23]. In this work, we charac-
terize this improvement for anisotropic ensembles using
erbium-doped yttrium-orthosilicate (Er:YSO), which is
known to exhibit particularly strong spin-spin interac-
tions [24] caused by the large effective g-factor of the
erbium spins [25].
Such erbium-doped crystals have recently attracted
considerable interest because their operating wavelength,
around 1536 nm, falls in the main band of optical
telecommunication. Here, loss in optical fibers is min-
imal, which offers unique perspectives for global quan-
tum networks. First experiments in Er:YSO have demon-
strated storage of optical [26, 27] or microwave photons
[28] with good multiplexing capacity [27] and the poten-
tial for second-long hyperfine coherence at high magnetic
fields [5]. In this work, we focus on the electronic spins
in Er:YSO in the low-field regime.
In this regime, even for crystals with a low erbium
dopant concentration of n = 10 ppm, the lifetime of the
spin ground state at cryogenic temperatures is limited
to hundreds of milliseconds by flip-flop interactions [26].
This limitation strongly depends on the orientation of
an external magnetic field, as shown in Fig. 1 (blue di-
amonds and theory curve from [24]) for magnetic fields
in the D1-D2 plane of YSO crystals [29] with the ex-
perimentally observed inhomogeneous broadening of the
spin levels of 9 MHz (FWHM). The reason for the di-
rection dependence is the anisotropic character of the
Zeeman Hamiltonian [25], visualised by the orientation-
dependent effective g-factor (bottom).
While spin lifetime increases quadratically with re-
duced dopant concentration n [24], the even stronger
limitation of the spin echo time TSE caused by instan-
taneous diffusion (shown as black line in Fig. 1) scales
only linearly with n. As detailed in the supplementary
information, one finds [30, 31]:
TSE =
9
√
3
2pi2µ0hγ2effneff
(2)
Here, neff is the concentration of spins that are flipped
by the spin echo pulse, with neff = n for pulses that
invert the whole inhomogeneously broadened ensemble.
Again, a direction dependence comes in via the effective
gyromagnetic ratio:
γeff =
µB
h
√
g4xb
2
x + g
4
yb
2
y + g
4
zb
2
z
g2xb
2
x + g
2
yb
2
y + g
2
zb
2
z
(3)
where gx,y,z denote the eigenvalues and bx,y,z the pro-
jection of the magnetic field to the eigenvectors of the g-
tensor. As detailed below, the above formulae are in good
agreement with our measurements at two magnetic field
orientations (black circles). Their implication is that in-
stantaneous diffusion poses a severe limitation for quan-
tum applications of any combination of dopant and host
(see the supplementary information for a comparison of
common hosts for erbium). In YSO, even in the purest
samples investigated so far, with an erbium concentration
of only n = 0.3 ppm [10], the coherence of a spin echo in
the ground state will be limited to the sub-millisecond
range.
In principle, longer coherence can be observed for
subensembles when using imperfect or narrowband pulses
[30, 32]. We instead focus on protecting the whole spin
ensemble from decoherence. As detailed in the supple-
mentary information, we find that applying a suited DD
sequence [21] can lead to a significant, but moderate im-
provement of the dephasing time for most magnetic field
configurations, shown as orange dashed theory curve in
Fig. 1. Again, we find agreement with a measurement
(orange circle) detailed below.
Without applying a DD sequence, the spin echo time is
shortest for the magnetic field directions that give a long
lifetime. Still, optical initialization of the spin ensemble
via optical pumping, a prerequisite for most quantum
memory and sensing protocols, requires to operate in a
regime where the lifetime of the ground state is larger
than the 11 ms lifetime of the excited state. Combined
3FIG. 2. State initialization and readout. As indicated
by arrows in the level scheme (top left), we measure the trans-
mission of the crystal (faint red arrow) after irradiating a burn
laser pulse on the spin preserving (red arrow, data and fit) or
spin-flip (blue arrow, data and fit) transition. Inset: After
burning on the spin-flip transition, the antihole depth shows
biexponential dynamics (blue data and fit curve). It first in-
creases within the optical lifetime and then decays within the
spin lifetime.
with the additional requirement for high Rabi frequency
and thus a large orthogonal component of the g-tensor
(red dotted line in Fig. 1) [28], we therefore chose the
magnetic field direction at 90 degrees for our DD mea-
surements.
In order to study the limitation of the coherence time,
and the improvement possible by existing DD protocols,
we employ persistent spectral hole burning [29]. We use
a 0.2 mm thin YSO crystal with an erbium concentra-
tion of 10 ppm, mounted in a closed-cycle cryostat at
a temperature of 0.8 K. Previous experiments at zero
magnetic field found that it is not possible to achieve
efficient spin pumping in this material [33]. We over-
come this challenge by applying 0.02 T approximately
along the D2 axis of the YSO crystal, which splits the
ground state spins by 3.12 GHz and the excited states by
2 GHz. Thus, the optical spin flip transitions are detuned
from the spin-preserving ones by approximately 2.5 GHz,
which exceeds the inhomogeneous broadening of about
0.5 GHz. Therefore, when selectively driving the spin-
flip transition for 100 ms, we observe an antihole in the
transmission at the center of the spin preserving line, as
shown in Fig. 2 (blue data and fit). The width of the
antihole, 9 MHz FWHM, is given by the inhomogeneous
broadening of the spin transition. Measuring the decay
of the antihole over time (inset), allows us to determine
the lifetime of the optical and spin transition. We find
a value of 53(3) ms for the latter, limited by flip-flop in-
teractions (as observed and characterized recently under
similar conditions [24]).
The lifetime of the spin ground state is thus consider-
FIG. 3. Homogeneous control of erbium ensembles
using microwave pulses. We apply 100 W to the 3.12 GHz
resonance of a double split-ring resonator. This drives oscil-
lations (left panel, blue data and fit curve) between the two
erbium ground states with a Rabi frequency of 15 MHz and a
decay time of 0.44(3)µs. The high Rabi frequency allows us
to completely invert the spin state over a large fraction of the
inhomogeneous distribution, as can be seen by comparing the
amplitude of the antihole measured before (right panel, blue)
and after (brown) applying a pi-pulse of 33 ns duration.
ably longer than the 11 ms lifetime of the excited state.
This facilitates spin pumping with an efficiency around
0.9(1). This number is calculated via a rate equation
model that uses the experimental timescales of the hole
and antihole decays and the branching ratio of the ex-
cited state decay to the two ground states [34]. The ob-
tained value agrees within errors with our experimental
data when comparing the area of hole (red), and antihole
(blue). Further improvement of the spin initialization
would be possible by stimulated emission using another
laser [33].
Protecting the coherence of a spin ensemble by DD
requires driving all spins with a high and homogeneous
Rabi frequency. To overcome this difficulty, we use a
home-built double split-ring resonator on a printed cir-
cuit board [35] with a simulated field homogeneity of 98 %
over the probed volume of the crystal. We apply pulsed
microwaves with 100 W peak power at the resonator fre-
quency of 3.12 GHz.
When varying the duration of a single microwave pulse,
we observe Rabi oscillations in the ground state spin pop-
ulations, as shown in Fig. 3 (left panel). The achieved
Rabi frequency is 15 MHz. From the fit, we find that
the fidelity of a pi-pulse at the line center is around 98 %,
in agreement with the simulated field inhomogeneity of
the resonator. A pi-pulse of 33 ns duration leads to a
complete inversion of the ensemble in a large frequency
range around its resonance frequency, as shown in the
right panel. Averaged over the whole inhomogeneously
broadened line, however, we calculate [36] that the spin-
4XY-8Spin echo
Seq. B
FIG. 4. Effect of different DD sequences on the coher-
ence of the ensemble. The inset shows the timing of the
investigated sequences, with square pulses of different phase
(light grey: X, dark grey: Y), sign, and duration. Repeated
application of an XY-8 sequence (grey open circles and fit)
does not give a strong improvement of the dephasing time
compared to a pure Hahn echo (black filled rectangles and
fit), because it does not decouple spin-spin interactions. In
contrast, application of ”Sequence B” [21] with fixed (orange)
or increasing (red) pulse number significantly improves the
coherence time.
flip probability is reduced to 73(2) %, which means that
the far-detuned parts of the ensemble will not be de-
coupled by our microwave pulses, reducing the effective
concentration in our measurements [30].
After calibrating the microwave pulses, we now inves-
tigate the coherence of the spin transition and its im-
provement by DD. We start by characterizing the de-
phasing time in a Ramsey measurement, where we apply
two pi/2 pulses with a variable delay. We observe that
the contrast of the resulting Ramsey fringes decays expo-
nentially on a timescale of 60(8) ns because of the inho-
mogeneous linewidth of the ensemble. We then insert a
pi-pulse between the two pi/2 pulses to measure the spin
echo time. We find TSE = 0.51(3) µs, in good agreement
with eq. 2. To test the scaling with the concentration,
we then detune one of the two magnetic classes of erbium
[25] by approximately 0.1 GHz from the microwave fre-
quency by applying the magnetic field slightly out of the
D1-D2 plane, which divides the density of resonant spins
by a factor of two. Within errors, we observe a doubling
of the spin echo time to 0.89(6) µs, as expected from eq. 2.
The results are shown as black data and exponential fit
curve in Fig. 4.
In the following, we investigate the effects of different
DD sequences, starting with a scheme known as XY − 8
[13], which is robust against pulse imperfections. It de-
couples the spins from quasi-static noise, but cannot de-
couple spin interactions. We apply a sequence of pi pulses
of 33 ns duration, spaced by 58 ns, with alternating phase
as indicated in the inset. We find a small discrepancy
between two measurements in which the spins are ini-
tialized and read out along x or y, which we attribute
to pulse imperfections. Fig. 4 shows the averaged result
(grey data and fit curve). Pulse imperfections may also
explain the slight increase of the coherence to 1.3(1) µs
[32]. However, this improvement is rather moderate, as
expected for a system in which the coherence is limited
by spin-spin interactions. We therefore turn to other DD
sequences.
We tested the canonical WAHUHA sequence [19], and
three recent sequences termed ”Cory-48”, ”Sequence A”
and ”Sequence B” [21], all of which have been designed
to decouple interactions in crystals with symmetric g-
tensors. While the former two did not lead to a con-
siderable improvement, Sequence A gave an increase to
1.8(3)µs (not shown). The best performance is achieved
by Sequence B. In this DD sequence, we have applied 48
pi and composite pi/2 pulses as indicated in the inset, with
a duration of 33 ns and 19 ns, respectively. We increased
the pulse separation and measured the temporal decay of
the coherence when the spins were initialized and mea-
sured along x. The coherence decays within 2.5(4) µs (or-
ange data and fit). This threefold enhancement is in good
agreement with the theoretical expectation, as shown in
Fig. 1 (orange data point).
In a final measurement, instead of increasing the pulse
separation, we kept a fixed delay of 60 ns (between the
pulse centers) and read out the hole depth after every
complete cycle of the sequence, when detrimental effects
of pulse errors are compensated. As the sequence sym-
metrizes the Hamiltonian, we obtain the same decay for
spin initialization and readout along x, y and z within
the statistical uncertainty. We therefore show an average
of the three measurements as red data and fit in Fig. 4,
observing a decay constant of 3.8(4) µs, which constitutes
an improvement by a factor of five compared to the spin
echo sequence. Albeit we cannot exclude an effect of
second-order terms in the Hamiltonian, we believe that
the slight increase with respect to the measurement of
sequence B with fixed pulse number is caused by pulse
imperfections that reduce the effective density in a de-
coupling measurement [30, 32].
To summarize, we have investigated Er:YSO as a novel
platform for the study of strongly interacting spin ensem-
bles, with applications ranging from sensing [23] to the
exploration of new phases of matter [37]. We find that
the coherence of our system is limited by interactions,
but can be enhanced by a suited DD sequence that is
robust with respect to pulse imperfections. Further im-
provement might be achieved via advanced DD sequence
designs [22, 38] in case the fidelity of the microwave pulses
can be further improved. This is possible via an op-
timized resonator geometry or by using chirped [39] or
shaped [40] pulses with higher Rabi frequency.
We expect that our findings will be important for
the improvement and integration of quantum memo-
5ries and sensors. In particular, the insight that known
DD sequences cannot eliminate spin-spin interactions in
anisotropic ensembles, a common situation for all rare-
earth dopants, has several implications: First, it seems
to enforce the use of nuclear rather than electronic spins
for long-lived quantum memories [4, 5, 41]. Second,
it might stimulate research into novel materials that
provide higher oscillator strength, lower inhomogeneous
broadening, or an isotropic g-tensor. Third, it may guide
the optimization of magnetic fields for a given combina-
tion of dopant and host. Finally, enhancing the opti-
cal depth with resonators [8, 9, 42–45] seems promising
to increase the coherence of rare-earth-based quantum
memories by reducing the dopant concentration without
sacrificing efficiency.
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7SUPPLEMENTARY INFORMATION
Details of the experimental setup
We use samples with a nominal dopant concentration
of 10 ppm and a size of 6× 5.5× 0.2 mm3, grown by Sci-
entific Materials. The crystals are mounted in vacuum
to the cold plate of a closed cycle 4He refrigerator (Pho-
tonSpot) that achieves a temperature of 0.8 K.
Erbium substitutes in YSO at two different sites. We
investigate spins of site 1, with a transition wavelength
of 1536.4 nm, which we drive using laser fields that are
switched with two fiber-coupled acousto-optical modu-
lators (Gooch and Housego). We use commercial laser
systems with narrow linewidth (OeWaves Gen3, Ko-
heras Basic E 15, or Toptica DLpro) that we stabi-
lize to a constant frequency difference of 3120.0(1) MHz
using home-built beat-detection and locking electron-
ics. The laser beams are delivered by polarization-
maintaining and single-mode optical fibers to the sample.
They are collimated using anti-reflection coated gradient-
index-lenses (Thorlabs), achieving an overall transmis-
sion around 10 %. In spite of a mechanically rigid cou-
pling setup, vibrations of the cryogenic system lead to
fluctuations of the transmitted intensity on the order of
1 %. In combination with the low absorption of our sam-
ple, around 4 % when the magnetic classes of the erbium
dopants are aligned, our measurements therefore require
averaging of a several hundred repetitions per data point.
To ensure sufficient signal-to-noise ratio, the trans-
mission is measured by an avalanche photodiode (Thor-
labs PDB570C). The influence of fluctuations of the laser
power is eliminated by dividing the transmission by the
independently measured input power, or by using a het-
erodyne detection technique. The signals are digitized
by a real-time experimental control system (NI Com-
pactRIO) that also switches the lasers and triggers the
AWG.
The magnetic field is generated by two neodymium
disk magnets (Maqna) with 7 cm diameter, located out-
side of the cryostat on movable platforms, which allows
for precise alignment of the field amplitude and direc-
tion. Thermal drifts lead to a change of the magnetic
field on the order of 10−3 over several weeks, which is
smaller than the inhomogeneous broadening of our spin
ensembles and thus does not affect the measurements.
The microwave resonator follows the design used in
[35], with a resonance frequency of 3.12 GHz and a
linewidth of 60(1) MHz. The microwave signals are gen-
erated by driving the pulse and IQ-modulation input of
a cw source (Rohde and Schwartz SGS100A) with pulses
from an arbitrary waveform generator (Zurich Instru-
ments HDAWG). The pulses are amplified (Mini Circuits
ZHL-100W-352+) to a peak power of 100 W. The mi-
crowave resonator is thermally anchored at the ground
plane side to an oxygen-free copper block. At full power,
the used pulse sequences lead to a heating of the cold
stage of less than 0.01 K when the repetition rate is kept
around 1 Hz.
Calculation of the coherence time under DD
In erbium-doped YSO, the flip-flop interaction between
resonant erbium spins limits the lifetime already at a con-
centration of 10 ppm, as analyzed in detail in [24]. In the
following, we calculate the coherence time limitation aris-
ing from instantaneous diffusion, both with and without
applying a DD sequence.
To this end, we describe the spin state in the eigenstate
basis of the Zeeman Hamiltonian:
HZ = −µB ~B0g~σ (4)
where ~B0 is the external magnetic field, µB is the Bohr
magneton, and ~σ is a vector of the Pauli matrices. For
an isotropic g-tensor, the quantization axis is typically
chosen parallel to the magnetic field. Then, the Zeeman
Hamiltonian is proportional to σz, which leads to spin
precession around the axis of ~B0. For an anisotropic g-
tensor, the spins instead precede around an effective mag-
netic field. Choosing the coordinates x, y, z such that the
g-tensor is diagonal, this is given by [24]:
~Beff =
| ~B|
geff
 gxbxgyby
gzbz
 = | ~B|
 sin Θ cos Φsin Θ sin Φ
cos Θ
 (5)
Here, bx,y,z is the projection of the external magnetic
field unit vector to the respective eigenvectors of the g-
tensor, and geff =
√
g2xb
2
x + g
2
yb
2
y + g
2
zb
2
z.
The eigenstates of the anisotropic Zeeman Hamiltonian
|u〉 and |d〉 are linear combinations of the eigenstates |0〉
and |1〉 of the Pauli σz matrix, weighted with the effec-
tive magnetic field polar and azimuthal angles, Θ and Φ,
according to:
|u〉 = cos (Θ/2) |0〉+ sin (Θ/2) eiΦ|1〉
|d〉 = − sin (Θ/2) e−iΦ|0〉+ cos (Θ/2) |1〉 (6)
An external microwave field used to control the spins
will cause rotations in the Zeeman eigenbasis [46].
To calculate the limitation of the spin coherence aris-
ing from instantaneous diffusion, we model the pairwise
interaction between erbium dopants by dipolar interac-
tions with the Hamiltonian:
Hdd =
µ0
4pir3
(~m1 · ~m2 − 3(~m1 · rˆ)(~m2 · rˆ)) (7)
8Here, ~m1 and ~m2 are the magnetic moments of two
interacting spins, r their distance, and rˆ the unit vector
connecting the spins. The magnetic moments are given
by ~m = µBg~σ, where the g-tensor is identical for both
spins.
To calculate the effect of instantaneous diffusion, one
uses the projection of the dipole-dipole Hamiltonian onto
the quantization axis given by the Zeeman eigenstates.
While the radial r3 part can be treated separately, we
can define a purely angle dependent part of the matrix
element that leads to dephasing by [36]
D = r3〈uu|Hdd|uu〉 (8)
Under the assumption that the spins are randomly dis-
tributed and static, e.g. that they do not undergo ran-
dom flips over the course of an experiment, instantaneous
diffusion leads to an exponential decay of the coherence
with decay constant [46]:
T−1SE =
pi2n
6h
∫
Ω
dΩ|D| (9)
In the case of a spin-echo measurement, this integral
can be solved analytically by rewriting D as:
D = µ0
4pi
h2γ2eff
[
1− 3 cos2 Ψ] (10)
Here, Ψ is the angle between the vector rˆ and the quan-
tization axis given by ~Beff, and γeff the effective gyromag-
netic ratio as defined in eq. 3.
Solving the integral then gives:
T−1SE =
2pi2
9
√
3
µ0hγ
2
effneff (11)
Here, we have replaced n by neff to account for the
fact that only the spins which are resonant with the
microwave pulse contribute to instantaneous diffusion.
For our experimental parameters, with a Rabi frequency
of 15 MHz and an inhomogeneous broadening of 9 MHz
FWHM, the density is reduced by a correction factor of
0.73(2), as derived in [36].
The coherence time under DD can be calculated in the
same way as that of a spin echo sequence. Instead of
the dipolar Hamiltonian of eq. 7 one will simply insert
the average Hamiltonian [18] to calculate the dephasing
parameter in eq. 9. To this end, the evolution of the
spins caused by the microwave pulses and time delays
between pulses has to be evaluated. Solving the integral
in eq. 9 numerically, we can thus predict the improvement
expected when applying a given sequence.
Albeit our model ignores the effect of pulse errors, we
find good agreement with the measurement results when
using sequences that also decouple on-site disorder [21] on
a sub-microsecond timescale (i.e. fast compared to the
precession of the bath of yttrium nuclear spins [6, 47])
and flip-flops of erbium dopants in another site or class.
Achievable coherence time for different materials
Our experimental study considered erbium ions that
replace yttrium in site 1 of yttrium-orthosilicate, which
is a configuration studied in many previous works and
therefore allows for a direct comparison. Still, as shown
in Fig. 5 similar observations are expected for ions in
site 2, or when using other popular host materials [29]:
lithium niobate, calcium tungstate, and yttrium ortho-
vanadate.
FIG. 5. Expected coherence in other hosts. We show
the spin-echo time (solid), and spin-echo time under sym-
metrical dynamical decoupling (dashed) for popular hosts for
erbium dopants: Yttrium orthosilicate - site 2 (grey), lithium
niobate (yellow) [48], calcium tungstate (dark blue) [49], and
yttrium-orthovanadate (red) [50]. All samples use the same
parameters as the figure in the main text: the same density
n that corresponds to a concentration of 2.5 ppm in one site
and class of YSO, and microwave control pulses with a spin
flip probability of 0.73.
